. Coronary arterial tree remodeling in right ventricular hypertrophy. Am. J. Physiol. 265 (Heart Circ. Phys iol. 34): H366-H375, 1993.-We investigated coronary vascular adaptations occurring in right ventricular hypertrophy (RVH). Six pigs had RVH induced by pulmonary artery stenosis for 5 wk. Three pigs served as controls. At autopsy we made silicone elastomer casts of the right coronary arteries (RCA) and col lected morphometric data. We organized the segments and their diameters and lengths into a framework of a modified Strahler's ordering scheme in which the order number of an offspring is increased only if its diameter is greater than the diameters of its parents by a specific amount. The segments of the same order arranged in series are combined into elements. In RVH the total number of orders of vessels was larger than the control by 1; the total number of elements in each order increased greatly, whereas the diameters and lengths of each order decreased somewhat. The total RCA resistance decreased in RVH mainly because the total cross-sectional area (CSA) of every order was increased. Because the diameters of the resistance vessels de creased, this decrease in total RCA resistance was due to a numerical increase in resistance vessels. These findings indicate that new flow channels have been established. In contrast, the RCA was remodeled in that the lumen diameter increased. Pres sure-flow curves showed a decrease of coronary resistance in RVH, in agreement with the morphometric findings. We con clude that there is significant remodeling of the coronary arte rial vasculature in RVH, and any future analysis of coronary hemodynamics of the right ventricle in hypertrophy must take the morphometric remodeling into account. vascular remodeling; morphometry; silicone elastomer; diame ter-defined Strahler system PRESSURE-OVERLOAD CARDIAC HYPERTROPHY induces adaptive changes in both the left and right ventricles. These changes include the enlargement of myocytes (1, 4, 6, 24) and, in left ventricular hypertrophy (LVH), a decrease in the total number of arterial vessels per unit volume, which results in a loss of coronary blood flow reserve (3-7, 9, 21, 23, 29, 33, 34). Whether right ven tricular hypertrophy (RVH) induces a similar decrease in vascularity and a relative underperfusion was un known prior to our investigation. Some studies suggest that an increase in right ventricular mass does not in duce severe functional changes (5, 10, 17, 19, 20, 24) . However, there is evidence that vascular growth occurs in pressure-overload RVH (1, 5, 10, 12, 17, 19, 20, 24, 32) . Recently, there has been some attempt to quantify the vascular remodeling in LVH (1, 27, 30) . However, morphological data of vascular growth in RVH are lack ing except for the study by White et al. (32), in which they measured the diameter and number density H366 (number/mm2) of capillaries, the diameter and number density of 10-to 25-/zm vessels, and the density of 25-to 100-Mm vessels in normal and RVH hearts. Although these data are useful, they do not allow for hemodynamic analysis of blood flow in the heart; i.e., alone, these data are insufficient to calculate the change of vascular re sistance from the normal to the hypertrophic right ven tricle.
Six pigs had RVH induced by pulmonary artery stenosis for 5 wk. Three pigs served as controls. At autopsy we made silicone elastomer casts of the right coronary arteries (RCA) and col lected morphometric data. We organized the segments and their diameters and lengths into a framework of a modified Strahler's ordering scheme in which the order number of an offspring is increased only if its diameter is greater than the diameters of its parents by a specific amount. The segments of the same order arranged in series are combined into elements. In RVH the total number of orders of vessels was larger than the control by 1; the total number of elements in each order increased greatly, whereas the diameters and lengths of each order decreased somewhat. The total RCA resistance decreased in RVH mainly because the total cross-sectional area (CSA) of every order was increased. Because the diameters of the resistance vessels de creased, this decrease in total RCA resistance was due to a numerical increase in resistance vessels. These findings indicate that new flow channels have been established. In contrast, the RCA was remodeled in that the lumen diameter increased. Pres sure-flow curves showed a decrease of coronary resistance in RVH, in agreement with the morphometric findings. We con clude that there is significant remodeling of the coronary arte rial vasculature in RVH, and any future analysis of coronary hemodynamics of the right ventricle in hypertrophy must take the morphometric remodeling into account. vascular remodeling; morphometry; silicone elastomer; diame ter-defined Strahler system PRESSURE-OVERLOAD CARDIAC HYPERTROPHY induces adaptive changes in both the left and right ventricles. These changes include the enlargement of myocytes (1, 4, 6, 24) and, in left ventricular hypertrophy (LVH), a decrease in the total number of arterial vessels per unit volume, which results in a loss of coronary blood flow reserve (3-7, 9, 21, 23, 29, 33, 34) . Whether right ven tricular hypertrophy (RVH) induces a similar decrease in vascularity and a relative underperfusion was un known prior to our investigation. Some studies suggest that an increase in right ventricular mass does not in duce severe functional changes (5, 10, 17, 19, 20, 24) . However, there is evidence that vascular growth occurs in pressure-overload RVH (1, 5, 10, 12, 17, 19, 20, 24, 32) . Recently, there has been some attempt to quantify the vascular remodeling in LVH (1, 27, 30) . However, morphological data of vascular growth in RVH are lack ing except for the study by White et al. (32) , in which they measured the diameter and number density H366 (number/mm2) of capillaries, the diameter and number density of 10-to 25-/zm vessels, and the density of 25-to 100-Mm vessels in normal and RVH hearts. Although these data are useful, they do not allow for hemodynamic analysis of blood flow in the heart; i.e., alone, these data are insufficient to calculate the change of vascular re sistance from the normal to the hypertrophic right ven tricle.
The relationship between coronary pressure and flow in the right ventricle and the amount of blood flow per unit mass of myocardium are important to the under standing of the heart. Any rational approach to coronary hemodynamics would require morphometric data of the coronary vasculature, including the branching pattern, and the diameter, length, and number of parallel ele ments in each generation of vessels. To understand the function of a hypertrophic ventricle one must know the blood flow in the myocardium and the changes that occur in the coronary vasculature.
In this study we examine the morphometric aspects of the vascular remodeling in RVH. Detailed morphomet ric techniques are used to describe changes in the branching pattern, diameters, lengths, and numbers of vessels of every order of the right ventricular branches, including the change of the total number of orders. In turn, these data are used to calculate the total CSA of the coronary vasculature of successive orders of arteries. The morphometric data characterize quantitatively the growth of the coronary vasculature in progressive RVH.
METHODS
Animal preparation. Nine Duroc farm pigs were used in this study. Three of these animals were used as controls and six had RVH induced by a stenosis of the pulmonary artery. Surgical anesthesia was induced with ketamine hydrochloride (25 mg/kg im) and thiamylal sodium (20 mg/kg iv). Animals were main tained on surgical anesthesia with halothane (1-2%) and oxy gen. Lidocaine (80 mg iv) was administered as a bolus before cardiac instrumentation. A left lateral fourth-intercostal-space thoracotomy was performed using sterile techniques. A fluidfilled Silastic pressure-monitoring catheter was placed in a jug ular vein and advanced into the right atrium and right ventricle. Right atrial and right ventricular pressures were measured on a Hewlett-Packard chart recorder (model 5912A, Palo Alto, CA). A Silastic snare stenosed the pulmonary artery until the right ventricular systolic pressures were raised to 9.3-10.7 kPa (70-80 mmHg). The snare was then fixed to maintain this degree of stenosis. The thoracotomy was closed, and the animals were allowed to recover for 5 wk, during which time the right ven tricular pressure was hypertensive and the muscle hypertrophied.
The control and the hypertrophic pigs of the same age (4 mo)
0363-6135/93 $2.00 Copyright © 1993 the American Physiological Society CORONARY ARTERIAL REMODELING IN CARDIAC HYPERTROPHY and weight (31 ± 2 kg) were then prepared for morphometric study. Each animal was anesthetized as described in the above protocol, intubated, and ventilated with room air using a Har vard mechanical respirator. A midline sternotomy was per formed, and the aorta was cannulated. Arterial pressure was monitored via a carotid artery; right ventricular pressure was measured at the termination ofthe study by inserting a catheter into the right ventricle via the jugular vein. KC1 was given to arrest the heart, and then we perfused the heart with a cardioplegic solution, as previously described (16). The right cor onary artery (RCA) was cannulated, whereas the left anterior descending coronary artery (LAD) and left circumflex coronary artery (LCX) were ligated. Determination of pressure-flow relationship of RCA artery. To compare the resistances to blood flow of the control and hyper trophic right ventricles we determined the pressure-flow (P-Q) relationships in these hearts with the setup shown in Fig. 1 . A rigid tube with a lumen diameter of 0.14 cm and a length of 98 cm was used to perfuse the RCA and served as a flowmeter in the interim. For the flows used in these experiments, the max imum Reynolds number was <400, so the effect of turbulence was negligible. In calibrating the tube as a flowmeter, the inlet and outlet pressures were measured with pressure transducers on a Hewlett-Packard strip-chart recorder while the flows were measured by collecting the volumes of flow in a graduated cy linder for a given period of time. The fluid used to measure the P-Q curve of the RCA was the cardioplegic solution described previously (16). Figure 1 shows how the rigid tube was incor porated into our isolated heart preparation (stopcock closed to tube 1 and opened to tube 2). In the RCA experiments, the pressure changes were imposed with a regulator according to selected loading and unloading ramps. The pressures P, and P2 were recorded on a Hewlett-Packard strip-chart recorder. Flows were calculated from the pressure differences, P--P2, accord ing to the calibrated tube flow resistance. The inlet pressure to the RCA is P2 minus a small pressure drop correction for the 12-cm-long cannulating catheter with a diameter of, for exam ple, 0.14 cm. The pressure difference across the right ventricle circuit was P2 minus the outlet venous pressure, which was zero or atmospheric. The RCA was preconditioned with several load- ing and unloading cycles before recording the final data. In this way, the RCA P-Q curve was obtained.
Determination of myocardial region perfused by RCA ventric ular branches. Our morphometric data were measured from polymer casts of the RCA vasculature, which was perfused with a silicone elastomer (CP-101, Flow Technology), catalyzed with 6.2% stannous 2-ethylhexoate and 3.1% ethyl silicate in a liquid state under controlled pressures and then allowed to solidify in a specific period of time at a static pressure of 80 mmHg. The protocol for casting the RCA was identical to that described previously (16) .
In this study, we were interested in the morphometry of the normal and hypertrophied RCA branches that supply the right ventricle. Hence we dissected the RCA cast to identify the atrial branches and tied a suture around every atrial branch before corrosion of the myocardium. A suture was also tied around the posterior descending artery (RCA-PDA) that supplies the pos terior interventricular septum and posterior portions of the left ventricle. Only the right ventricular branches (RCA-RVB) were measured in the morphometric analysis. The two atria were cut away from the casted heart at the level of the atrioventricular valves. The right ventricular free wall was then excised and weighed. The left ventricle (including the septum) was also weighed. However, the right ventricular free wall mass is greater than the myocardial mass supplied by the RCA-RVB, since some branches of the LAD and LCX supply the posterior right ventricular wall. Because the LAD and LCX arteries were not perfused with elastomer, a border was found between the elas tomer-perfused and nonperfused right ventricular myocardium. This was determined by removing myocardial plugs along the border, sectioning, clearing, and viewing them under the micro scope. Hence the region perfused by RCA-RVB was measured.
Histological and cast studies of RCA ventricular branches. For histological studies of smaller coronary arteries of orders 1-4,12 plugs of myocardial tissue were removed from the right ventri cles of 3 RVH pigs and 8 plugs from the right ventricles of 2 control pigs. Each transmural plug was ~4x4 mm in cross section and extended from epicardium to endocardium. The method of preparation of histological sections was identical to that described previously (16). Figure 2 shows an example of a cleared histological section taken 4.7 mm from the epicardial surface of a hypertrophic right ventricle.
For cast studies, the same hearts used for the histological studies of the microvasculature were corroded after removal of tissue plugs for histological sections. We corroded the tissue with a 30% KOH solution for several days. The corroded tissue was washed away with soap and water. The veins were carefully pruned away, leaving the RCA and its branches intact with clusters of capillaries. The casts of RCA beds in normal and hypertrophic right ventricles are shown in Fig. 3 .
Using methods developed in the earlier study of Kassab et al. (16), we measured the arterial trees from histological specimens of the right ventricular free wall and the right ventricular branches from the polymer casts ofthe RCA. We assigned order numbers to arterial vessels in histological specimens and cor roded casts according to the diameter-defined Strahler system described by Kassab et al. (16) and measured the diameters and lengths, combined segments of the same order but connected in series into elements, counted the number of elements in each order, and obtained their connectivity matrices.
Mathematical description of branching pattern, order number, and connectivity matrix. To better describe the branching pat tern ofthe arteries in RVH, we introduced three innovations in a companion study (16). In brief, a diameter-defined Strahler system is used, whereby capillaries are defined as vessels of order 0. The smallest arteries (arterioles) are identified as ves sels of order 1. Arterioles are identified by their tortuosity, and capillaries are identified by their nontreelike topology (15). Two order 1 vessels meet to form a vessel of order 2, if its diameter is larger than that of the order 1 vessels by a certain amount; or remain at order 1, if the new diameter is not large enough. Two order 2 vessels meet to yield a vessel of order 3, if the diameter criterion is satisfied; or remain at order 2, if the diameter is not large enough, and so on. The diameter criterion is the dividing line between vessels of order n and vessels of order n + 1 [(Dn_, + An_,) + (Dn-An)]/2 on the left, and [(D" + An) + (Dn + 1-An + ,)]/2 on the right, where Dn is the mean diameter of vessels of order n. and A., is the standard deviation nf the HiameterQ nf vpccoIc r»f order n. This definition eliminates the overlap of histograms of diameters of all vessels in successive orders and enables an accurate analog circuit to be constructed for hemodynamics. The second innovation is to combine all vessel segments of a given order but connected in series into elements. The third innovation is to describe asymmetric branching by a connectiv ity matrix, C(m,n), whose element in row m and column n is the ratio of the total number of elements of order m that arise directly from parent elements of order n divided by the total number of elements of order n.
RESULTS
We induced RVH by stenosis of the pulmonary artery for 5 wk. The mean and peak systolic pressures of the right ventricle increased to three to four times the control levels. The right ventricle-to-left ventricle weight ratio doubled over the 5 wk. Table 1 summarizes the heart weights, blood pressures, and morphometric measurements of the two control and three hypertrophic right ventricles. Morphometric mea surements were made on all histological specimens from all five right ventricles. We conducted completely detailed polymer-cast measurements on one control right ventri cle and one hypertrophic right ventricle. We examined the variability between the two control hearts and the three hypertrophic hearts by analyzing the morphometric data from each heart separately. The morphometric data metric data for the two control hearts were combined. Likewise, the morphometric data from the three hyper trophic hearts for each respective order were combined before conducting the statistical analysis shown in Tables  2-6. The P-Q relation of the rigid tube used as a flowmeter was fitted by the method of least squares. The result is heart correspond to loading and unloading of pressure and were fitted with second-order polynomials by the least-squares method.
The RCA and RCA-RVB arteries of control and hy pertrophic right ventricles are shown in Fig. 5 . The av erage diameters and lengths of the vessel segments are marked. For the trunk of the RCA, excluding the RCA-PDA, the average diameters and lengths were 2,469 ± 242 and 2,988 ± 1,689 um, respectively, in the control right ventricle (N = 16 vessel segments) and 2,926 ± 320 and 3,484 ± 1,641 um, respectively, in the hypertrophic right ventricle (N = 22 vessel segments). The total lengths of the RCA trunk with segments in series as an element, excluding the RCA-PDA, were 47.8 mm in the control right ventricle and 76.7 mm in the hypertrophic right ventricle. A total of 16 subtrees, i.e., RCA-RVB arisen from the RCA trunk, excluding the RCA-PDA, in control right ventricles and 23 RCA-RVB in hypertrophic right ventricles is shown in Fig. 5 . Tables 2 and 3 show the mean diameters and lengths of vessel segments and elements in each order of vessels in the right ventricular branches of the RCA of control and hypertrophic right ventricles, respectively. A segment is a vessel between two successive nodes of bifurcation, whereas an element is a combination of segments of the same order in series. These tables show that a total of 10 and 11 orders of vessels lie between the coronary capil laries and the largest right ventricular branches for the control and hypertrophic right ventricles, respectively. Figure 6 shows the relationship between the mean ves sel diameter and the order number for the elements ofthe RCA-RVB in control and hypertrophic right ventricles, respectively. Figure 7 shows the relationship between the Table 1 . Hemodynamic data and morphometric specimens from control and hypertrophic pig RV mean vessel element length and the order number for the RCA-RVB in control and hypertrophic right ventricles, respectively. The curves in Fig. 6 obey Horton's law (13, 16). The ratio of the diameters of successive orders of arteries is a constant independent of n and is called the "diameter ratio." The diameter ratio is given by the an tilog ofthe slope ofthe lines of Fig. 6 . The mean element length also obeys Horton's law but with a discontinuity in the slope at order 3 (Fig. 7) The ratio of the segment number and the element num ber (S/E) is presented in Table 4 . It can be plotted as a function of n for each tree and fitted by a fourth-order polynomial. The fitting is shown in Fig. 8 . The S/E ratio has the physical meaning of the average number of vessel segments in series. The largest orders are most asymmet ric. The degree of asymmetry decreases with a decrease in the order number in control and hypertrophic right ven tricles.
The connectivity matrices of the RCA-RVB in control and hypertrophic right ventricles are given in Tables 5  and 6 , respectively. The total number of arterial elements of each order can be computed from information on the number of intact and cut elements and the connectivity matrix as illustrated in the appendix of our companion report (16). Similar analysis is carried out for each RCA-RVB, whose location along the RCA trunk is shown in Fig. 5 . The total number of elements is then summed over all RCA-RVB trees at each order to give the total number of elements at that order. The results, means ± propa gated errors, are presented in Table 7 . If the total number of arterial segments of each order is desired, one need only to multiply the number of elements by the ratio of the number of segments to the number of elements presented in Table 4 . When the number of elements of order n is normalized with respect to the perfused myocardial mass given in Table 1 and plotted against n on a semilog paper (Fig. 9) , the data fit a straight line. Thus the number of vessels increases as an inverse geometric sequence in accordance with Horton's law (13). The ratio ofthe numbers of ves sels of successive orders is a constant independent of n and is called the "branching ratio." The branching ratio is given by the antilog of the absolute value of the slope of the lines of Fig. 9 . The element branching ratios of RCA-RVB in control and hypertrophic right ventricles are 3.13 and 2.98, respectively.
The data on the diameters, lengths, and number of elements are used to compute the total CSAs and blood volumes, as shown previously (16). The total CSAs are normalized with respect to the perfused myocardial mass given in Table 1 , plotted in Fig. 10 , and fitted with fifthorder polynomials by the least-squares method. Similarly, the total blood volumes in all elements of a given order are normalized with respect to the perfused myocardial mass and are shown in Fig. 11 . DISCUSSION We experimentally determined the resistance of the RCA in control and hypertrophic right ventricles by mea suring their P-Q relationships in the isolated heart prep aration, as shown in Fig. 4 . The inverse of the slope of these curves represents the total resistance to flow of the Values are means ± SE. An element (m,n) in mth row and nth column is ratio of total no. of elements of order m that spring directly from parent elements of order n divided by total no. of elements of order n. Table 6 . Connectivity matrix for RV arterial branches of RV hypertrophic pig Values are means ± SE. An element (m,n) in mth row and nth column is ratio of total no. of elements of order m that spring directly from parent elements of order n divided by total no. of elements of order n. RCA circuit. We found that the flow (volume/time) re sistance through the RCA decreased in RVH (Fig. 4) .
The diameter of the trunk of the RCA increased with RVH. The diameters of the RCA-RVB arising from the RCA also increased (Figs. 3 and 5) . The length of the trunk, which crowns the base of the heart, increased in RVH. The number of RCA-RVB arising from the trunk also increased in RVH. These results are consistent with the angiogenesis described by White et al. (32) in which a moderate DNA synthesis was found in smooth muscle cells.
The mean diameters of the vessel segments and ele ments were slightly smaller, at each order, in RVH (Fig.  6) . Progressing from the smallest arteriole to the largest RCA-RVB in the hypertrophied right ventricle required 11 orders. In contrast, this progress in the control right ventricle required only 10 orders. This reflects both the increased diameter ofthe largest RCA-RVB in RVH and the remodeling of the branching patterns of the RCA arterial circuit. The remodeling ofthe branching patterns is best seen in S/E (Fig. 8) . The RVH arterial trees are more symmetrical at any order than those of the corre sponding control hearts. The segment and element lengths are decreased in RVH (Fig. 7) . Angiogenesis of arterioles, active DNA synthesis, in this RVH model in the early stages of hypertrophy was previously demon- strated with tritiated thymidine labeling (34) . Angiogen esis in RVH contributed to the increased number of ves sels (Fig. 9) . However, the increase in the number of small arterioles is most important, since those arterioles are the major sites of vascular resistance (8, 14, 28).
The total CSA of the RCA-RVB is larger in hyper trophic than control right ventricles. This increase in CSA is due to the large increase in the number of parallel elements. However, the CSA-to-mass ratio of RCA-RVB is similar in both control and hypertrophic right ventri cles (Fig. 10) . The volume ofthe RCA-RVB is also larger in RVH. Again, when we normalize the volume of the RCA-RVB for the mass perfused, we find some compen sation (Fig. 11) . The mass-normalized accumulative vol ume decreases 11% in RVH. In conclusion, the RCA-RVB appears to adapt in the hypertrophic right ventricle through compensatory vascular growth and remodeling.
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